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ABSTRACT 

The vertical distribution and seasonal variation of the kinetic energy balance of the atmosphere are studied. 
From 11 months’ daily wind and geopotential data during 1962 and 1963 over North America, the generation due to  
the work done by the horizontal pressure force, the local change, the horizontal outflow, and the vertical transport 
are evaluated for 20 pressure layers from the surface to  50 mb. The dissipation is then obtained as the residual to 
balance the kinetic energy equation. 

They decrease gradually 
to a minimum in the mid-troposphere, increase again to the second maximum in the upper part of the atmosphere, 
then decrease again farther upward. The generation and dissipation are approximately balanced in the lower tropo- 
sphere, particularly in the boundary layer, for the large-scale domain of analysis. 

The generation and dissipation of the kinetic energy are significantly large both in the lower troposphere and in 
the upper part of the atmoaphere. However, in view of the amount of the kinetic energy contained in different 
portions of the atmosphere, the energy generation and dissipation are most intense in the lower troposphere, especially 
in the boundary layer. The efficiency of the dissipation in different portions of the atmosphere is also examined in 
terms of the depletion time. The depletion time is orders of magnitude shorter in the boundary layer than in the 
mid-troposphere. 

A seasonal change of the energetics is depicted for the one-year period by means of the pressure-time cross 
sections. 

The generation and dissipation are a t  a maximum in the planetary boundary layer. 
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While other maior processes in the fundamental 
atmospheric energy cycle have been and are being studied 
in great detail, the problem of the kinetic energy dissipa- 
tion is rather untouched. In  a previous paper (Kung 

[5] ) ,  as a preliminary of a systematic approach to the 
energy dissipation problem, the kinetic energy budget 
and dissipation were studied in their various partitionings 
with six months’ daily wind and geopotential data during 
1962 and 1963 over North America. Of special interest 
in the previous paper was the dev;sing of a technique to 
evaluate the cross-isobar flow, which enabled the direct 
computation of the kinetic energy generation with ob- 
served wind and geopotential data a t  individual isobaric 
surfaces. This suggests the feasibility of further investi- 
gations of the kinetic energy budget in detail, which might 
provide a broader basis to approach the problem of energy 
dissipation. 

In the present study, attention is focused on the vertical 
structure and seasonal variation of the balance of the 
kinetic energy. Various kinetic energy parameters, in- 
cluding the generation, local change, horizontal outflow, 

627 
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and vertical transport were evaluated for 20 pressure 
layers from the surface to 50 mb., using 11 months' daily 
wind and geopotential data during 1962 and 1963 over 
North America. To provide a broader observational 
basis to attack the problem of energy dissipation, we have 
to evaluate the dissipation without employing specijic 
theories in this connection. Thus, me obtained the dissi- 
pation as the residual to balance other energy parameters 
in the kinetic energy equation. The seasonal and annual 
means of evaluated parameters are presented and ex- 
amined in their vertical resolution and in total, and the 
time series of monthly means of these parameters are 
depicted as a progress of seasons. 

Since the uniform and dense aerological network in 
existence over North America during recent years provides 
a convenient area for this analysis, and since useful 
result. may be expected with data from a network of this 
size, the data coverage is still restricted to the continent 
a t  this stage of the study. However, it is hoped that this 
constraint will be eased gradually as the study proceeds 
in the future. 

2. SCHEME OF ANALYSIS AND DATA 
In the discussions to follow, V is the vector of the hori- 

zontal wind, u the eastward wind component, v the north- 
ward wind component, t the time, g the acceleration of 
gravity, 4 the geopotential, f the Coriolis parameter, 
-F the vector of the frictional force per unit mass, p the 
pressure, s the boundary of the continental region, n the 
outward-directed unit vector normal to the continental 
boundary, k the unit vector in the vertical direction, A 
the area of the continental region on the earth, and 
v the horizontal del operator along an isobaric surface. 
Also, the vertical p-velocity w and kinetic energy k are: 

w=- dP 
d t  

and 
k= 3V *V= $(U~+U') (2) 

The domain mean of a dummy variable ij is defined by 

(3) 

and the horizontal bar notation will be used to indicate 
the area mean of a quantity over the continent throughout 
this paper. Using the equation of motion as 

_-_ dV V+-kXfV-F 
dt - 

E+ ( V - V ) V + ~  - = - v 4 - k X f V - F  dV 
at din 

and the continuity equation as 

b w  v*v+--0 
dP- 

(4) 

(5)  

we obtain the kinetic energy equation as the scalar product 
of the equation of motion and the horizontal wind vector 
V, and then solve for the kinetic energy dissipation E 

(6) 
-E = - V . F= dk -+ V .Vk+- dwk + V * V 4  

at bP 
Integrating equation (6) over the continental area, we 
then have the area mean kinetic energy equation over 
the continent 

The processes related to the energy dissipation E in 
equation (7) will be termed as follows throughout the 
discussion : 

-V.v+=generation or generation due to the work 
done by the horizontal pressure force 

ax -=local change at 

2 Vlc.nds=horizontal outflow 

-vertical transport az 
aP 
-- 

The vertical p-velocity w is obtained by making use of 
the continuity equation (5) as 

where wpl and wp2 are o a t  pressure levels pl and p,. 
for the area mean we have 

Thus, 

(9) 

In computing W by equation (9), it is assumed that 3=0 
at  the surface level. 

Since the hazard caused by errors in estimating the 
wind divergence is expected to decrease in proportion to 
the characteristic length-scale of the domain of analysis, 
and since for our domain of analysis it may be expected , 
that Gz contributes significantly to UT, Gp is substituted 
for 2 in evaluation of the vertical transport. 

In order to use the actual observed wind data at  
individual stations to estimate -V. ~ 4 ,  the horizontal 
gradient of the geopotential v+ is computed by the 
technique described in the previous paper (see Kung [5]) 
with a modification that the reciprocal of the square of 
the distance between observational stations is used as the 
weighting factor in the least square selections process of 
d4Jlbx and d@y. 

The quantity per unit mass is vertically integrated for 
the mass of a pressure layer per unit area, making use of 
the hydrostatic equation. This will be clearly indicated 
by the physical units in use. However, for the sake of 1 

(Sec. 4) 
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simplicity in presentation, the notation of vertical integral 
will be omitted. Thus, presentation of an area mean of a 
dummy energy parameter in some units per unit area 
will be understood to mean 

29 
29 
19 
24 
30 
23 
29 

for a specified pressure layer between p l  and pz  where 

The daily aerological (wind and geopotential) data by 
rawinsonde/radiosonde observations at 00 GMT over the 
North American Continent and some surrounding regions 
from February 1962 through January 1963 were obtained 
from the MIT General Circulation Data Library for the 
Northern Hemisphere (the National Science Foundation 
Grant GP 820 and GP 3657). September 1962 data 
were not utilized, because of a technical difficulty in 
editing the input data tape in our possession; thus 11 
months’ data were available for analysis. 

The distributions of the aerological stations and the 
continental boundary in the analysis are shown in figure 
1. A total of 101 stations are on or within the continental 
boundary, and an additional 18 stations outside the 
boundary were also used to assist in the evaluation of 
V4 and in data editing. The computation was carried 
out on a daily basis for each of the 20 pressure layers 
from the surface to the 50-mb. level utilizing the data at  
21 specific isobaric levels, i.e., surface, 950 mb. to 100 
mb. at  50-mb. intervals, 70 mb., and 50 mb. The v4 
at the surface level was computed with the geopotential 
height of the 1,000-mb. level. The daily aerologicsl 
data of each station mere examined carefully, and the 
stabions without a wind report or with suspicious data 
were omitted in the computation at  each particular 
pressure level. The days with comparatively few avail- 
able stations were eliminated from the analysis; the 
first day’s data of each month were used only to compute 
dE/dt for the next day. A monthly value of a physical 
quantity was obtained by averaging the values of individ- 
ual available days in the month; a seasonal mean value 
was obtained by averaging the monthly values, and then 
an annual mean value mas obtained by averaging the 
seasonal mean values. Table 1 shows days available 
for monthly averages and average numbers of daily 
available stations for each month at  five characteristic 
levels. 

The variations of computed energy parameters in the 
time series are large and interesting. Though a rather 
thorough statistical treatment of the variance of the 
computed parameters is planned in the future with a 
much larger data sample (see Kung, Bryson, Lenschow 
[6] for a simple example of analysis of variance), at  this 
stage of the study we depict only the obviously largest 
source of variation, the quasi-cyclic nature of the at- 
mospheric process, in terms of monthly and seasonal 
variations. As for the variation of the daily computed 

p,>p,. 

88 39 86 38 86 38 82 36 76 34 
87 39 86 38 85 38 82 36 77 34 
83 37 81 36 81 36 79 35 74 33 
87 39 85 38 85 38 82 37 77 35 
86 38 84 37 83 36 77 34 70 32 
87 39 84 38 83 37 77 35 69 31 
86 39 84 38 81 37 74 35 64 30 

FIGURE 1.-Aerological stations and continental boundary. 

parameters, only the pressure-time cross sections of the 
generation and horizontal outflow during June 1962 are 
shown separately in figures 2 and 3 as examples. For 
this reference may be made to the earlier paper (Kung [5]). 

3. VERTICAL DISTRIBUTION OF KINETIC ENERGY 
BALANCE 

To study the vertical structure of the kinetic energy 
balance with equation (7), the estimate of the generation 
- -V .V+ is vital. The term may be expressed: 

- -  
(10) 

azq - 
- v . v(#)= -v . v(#) - - - W(Y 

bP 
TABLE 1.-Available days for monthly averages and averaged number 
of daily available stations for each month at characteristic pressure levels 

1 I I Monthly average number of dail javailable stations 

86 38 83 37 79 36 71 33 56 27 I ii 186  86 38 40 185 85 38 39 j 83 85 39 37 176 79 34 36 I 6 4  69 29 30 
87 39 86 38 84 35 79 36 70 32 

Jan. 1963 _.._.._. 
Feb.1962 - 1  
Mar.  1962 ....... 2-30 
ADI. 1962 ........ 2-17. 

I 
May lW2 .-...... 
Jun. 1962L. ~ .. .. 
Jul. 1962 .~. ~ .... 
Aug. 1962 ...- .... 
Oct. 1962 .-.. ...~ 

Dec. 1962 .-.. ~ ... 
NOV. 1962. - ..-.. 

24-30’ 
2-30 
2-30 
2-20 
2-25 
2-31 
2-24 
2-30 

1 I I I I I I 

(1) Tota! available s,tations on and within continental boundary. 
(2) Contmental stations on the boundary. 

48 23 
60 28 
65 29 
68 31 

73 32 
74 33 
72 32 
74 33 
66 30 
65 30 
57 27 
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D A I L Y  KINETIC ENERGY GENERATION 

JUNE 1962 - DAY I 
I 

7 

FIGURE 2.-Pressure-time cross section of daily kinetic energy generation -V.V+ in units of (~a t t s /m.~) /50  mb. in June 1962. Destruction 
of kinetic energy is stippled. 

DAILY KINETIC ENERGY OUTFLOW 

2 '3 4 5 6 7 8 9 10 I1 I2  13 14 I 5  16 I 7  18 19 20 21 22 23 24 25 26 27 28 29 30 
JUNE I962 - DAY 

FIGURE 3.-Pressure-time cross section of daily kinetic energy horizontal outflow Vk-nds in units of (watts/m.a)/50 mb. in June 

1962. Inflow of kinetic energy is stippled. 
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*96!3-950 
956-900 
900-850 
85o-8oo 
800 750 
750-700 
700-650 
650-600 
600-550 
550-500 
500-150 
450-100 
4OC-350 
350-300 
300-250 
250-200 
200-150 
150-100 
100-70 

TABLE 3.--Spring mean kinetic energy budget within each pressure 
k i s  in units of 105 layer (March, April ,  and M u y  1966).  

joules/m2. Other quantities in wattslm2. 

0.048 
.la4 
.218 
.250 
,292 
.346 
.416 
.514 
.641 
.798 
.989 
1.237 
1.524 
1.814 
2.024 
1.950 
1.530 
,975 
.a42 

where ry is the specific volume of air. While the conversion 
term --oCr may be regarded as the release of available 
potential energy, - v . V +  and - (dz /dp)  may be regarded 
as the redistribution terms to appear as the actual genera- 
tion of the kinetic energy. For the study of the kinetic 
energy generation of hemispherical or global scale, the 
conversion term --Wry is customarily evaluated instead 
of -V.V+, since if equation (10) is integrated over the 
entire mass of the atmosphere, M ,  we have 

'968-950 
950-900 
9001150 
850-800 
800-750 
750-700 
700-650 
650-500 
600-550 
550-500 
50M50 
45MoO 
400-3350 
350-300 
300-250 
250-200 
200-150 
150-100 
100-70 
70-50 

__ 
0.034 
.130 
,148 
.166 
.186 
.211 
.247 
.293 
,351 
.425 
.513 
,635 
,801 
1.001 
1.204 
1.233 
.930 
,451 
.os4 
,032 

0. 281 
.781 
.710 
.508 
.303 
.171 
.126 
.121 
.101 
. N O  
.076 
.117 
.3M 
,651 
.858 
.798 
.671 
,353 
.060 
.014 

0.281 
.782 
.711 
.501 
.290 
.159 
.113 
,107 
.085 
.072 
.076 
.115 
,309 
.601 
.755 
.598 
.533 
.361 
.074 
.014 

-___- 
'971-950 
950-900 
900-850 
850-800 
800-750 
750-700 
700-660 
65040 
600-550 
550-500 
500.160 
45o-400 
400-350 
350-300 
300-250 
250-200 
203-150 
150-100 
100-70 
7044 

0.058 
.236 
.297 
.353 
.428 
.537 
.673 
.E42 
1.049 
1.296 
LE82 
1.921 
2.297 
2.696 
3.015 
2.992 
2 . a  
2.009 
,937 
.563 

-0.004 
--.010 
--.W -. 008 -. 011 -. 022 -. 031 
--.OM 
-. 058 -. 055 -. 001 -. 156 -. 203 -.m 
-.425 
--.I57 
.e89 
.251 
,123 

-.080 

0.742 
1.676 
1.070 

,605 
,447 
:361 
.265 
.167 
,085 . 098 
.175 
,423 
.800 
1.060 
1.161 
1.234 
1.499 
1.771 
1.075 
.@39 

1 1 
Pressure k 

layer (mb.) 1 -  2 
bt 

-0.000 -. 000 . 001 . 000 
,001 -. 002 

-. 006 -. 009 -. 011 -. 015 -.om -. 020 -. 025 
-. 030 -. 027 -. 013 -. 013 -. 024 
-. 012 -. 009 

I-----+----- 
0.003 
.om 
.007 
,008 
,010 
,008 
.006 
.OM 
.005 
.005 
.032 
.040 
.a48 
.a52 .on -. 088 -. 060 -. 011 -. 042 
.007 

0.477 
1.276 
1.035 
.746 
.525 
.425 
.336 
.267 
.230 
.132 
.OB 
,011 
.187 
.376 
.446 
.366 .n1 
.330 
.293 
,255 

0.477 
1.276 
1.032 
.738 
.504 
.407 
.307 
.216 
.182 
.loo 

-. 002 
.OM 
.273 
,342 
.165 
.017 -. 002 
.183 
.314 
.242 

-0.003 -. 008 -. 005 
,000 . 010 
.012 . 029 
.056 
.OM 
.042 
,016 -. 055 -. 109 

-. 018 
.a31 
.450 
.346 
,182 
.033 
,015 

However, to obtain the dissipation i? as the residual of 
equation (7) in individual atmospheric - layers using the 
network data over a continent, -v.VC$ and -&$/dp 
must also be evaluated as well as --& especially because 
the vertical profile of -ZZ is expected to be very different 
from that of -V-vC$ (see Smagorinsky, Manabe, and 

Moreover, a direct estimate of -V.V+ with observed 
wind and geopotential data is highly desirable, since 
most of the observational studies of -ZZ, which depends 
mainly on the spatial correlation of w and cy, depend on 
the estimation of w from operationally smoothed and 
modified data on the basis of the adiabatic, quasi- 
geostrophic models. It also should be noticed that the 
evaluation of - V . V ~  essentially depends on the ageo- 
strophic component of the observed wind. 

Seasonal and annual means of the kinetic energy balance 
for the 20 pressure layers from the surface to the 50-mb. 
level are presented in tables 2 through 6;  table 2 shows 
averages of January 1963, and February and December 
1962 values as the winter means; table 3 shows averages 
of March, April, and May 1962 values as the spring 
means; table 4 shows averages of June, July, and August 
1962 values as the summer means; table 5 shows averages 
of September, October, and November 1962 values as 

Holloway [15]). - 

- 

70-50 1 .is5 

*Area mean surface pressure. 

TABLE $.-Summer mean kinetic energy budge  within each pressure 
layer ( June ,  J u l y ,  and August 1969). k i s  in uni ts  of IO5 
jouleslrn2. Other quantities in wattslma. 

Pressure k l -  layer (mb.) 

0.001 . 001 . 001 
,002 
.002 . 001 . 000 

-.001 -. 002 
-. 003 -. 003 -. 004 
-. 003 -. 003 -. 009 -. 011 -. 007 
-.OM -. 001 . 001 

-0.006 -. 014 
-. 010 

.002 
,009 . 00s 
. 0117 

0.005 
.012 
.om 
.OM 
.002 
.003 
.006 
.006 
.006 
.005 
.005 .m 
.001 -. 001 -. 004 
.013 -. om -. 035 -. 018 -. 003 

... 
,009 
.012 
,006 -. 002 

-. OOO -. 003 
.054 
,116 ~. . 200 
.165 
.031 
.005 
,002 

*Area mean surface pressure. 

the fall means; and table 6 shows averages of the four 
seasonal values as the annual mean values. The missing 
September 1962 values (see section 2) were linearly 
interpolated between August and October 1962 values, 
since plotting of the mean monthly energy processes in 
pressure-time cross sections (see section 6 and figs. 8 
through 10) seems to allow us to fill in this particular gap 
of the time series in this way. For easier inspection, the 
vertical structure of the kinetic energy balance is plotted 
for winter in figure 4, for summer in figure 5 ,  and for the 
annual in figure 6, in terms of 

1 --, -&/ldt, -z f Vk-nds,  - ( d z / l d p ) ,  and --E. 

By equation (7), the balance of the kinetic energy 
requires that 

TABLE 2.-winter mean kinetic energy budget within each preszure 
layer (February and December 1966, and January  1965). k i s  

Other quantities are in wattslmz. 
I 

Pressure 7 
layer (mb.) - 

bt 

0. oaf 
.m -. 012 -. 021 -. 006 
,032 
.072 
.144 
.199 
.257 
,390 
.5%3 
.764 
.958 
1.179 

,972 
.564 
.166 
.177 

1.202 

0.001 
.004 
.M)3 
.003 
,004 
.007 

.019 

. on 

.036 

.046 

.063 

.077 
,089 
.loo 
.085 
,065 
.061 . a35 
.021 

.m2 

0.740 
1.679 
1.087 
,631 
.460 
,344 
. a 2  
.048 -. 083 -. 140 -. 170 -. 020 
.162 
.312 
.307 
.lo4 
,393 
.a95 
.751 
.571 

*Area mean surface pressure. 
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TABLE 5.-Fall mean kinetic energy budget with* each pressure layer 
k i s  in uni t s  of 105 (September, October and November.1962). 

jouleslrn2. Other quantities in wattslmz. 

Pressure 
layer (mb.) 

*967-950 
950-900 
900-850 
850-800 
800-750 
750-700 
700-650 
650-600 
600-550 
550-500 
500-450 
450-400 
400-350 
350-300 
300-250 
250-200 
200-150 
150-100 
100-70 
70-50 

- 
k 

0.040 
.182 
.219 
.253 
.289 
,339 
.409 
,504 
.616 
.753 
.927 

1.138 
1.4C6 
1.716 
1.930 
1.901 
1.533 
.929 
.278 
.112 

-0.001 -. 006 -. 008 -. 004 -. 009 -. 007 -. 008 -. 004 -. 007 
-. 006 -. 004 
,004 
.008 
.OM 
.053 -. 091 
.OM -. 020 
.001 -. 003 

- 
-VTd 

0.431 
1.268 
.990 
,649 
.358 
.175 
,080 
.039 -. 031 
.022 
,173 
.211 
.258 
.479 
.565 
,405 
.542 
.585 
.213 
,119 

E 

0.430 
1.265 
.997 
.667 
.390 
.205 
. lo9  
.075 
.024 
.093 
.259 
.300 
.%2 
.531 
,259 -. 005 
.202 
.425 
.152 
.lo3 

'Area mean surface pressure. 

TABLE 6.-Annual mean kinetic energy budget within each pressure 
k i s  in units of 105 layer (February 1962 through January 1963.) 

jouleslm2. Other quantities are in wattslm2. 

Pressure 
layer (mb.: 

_-- 
*969-950 
950-900 
900-850 
850-8800 
8W750 
750-700 
7CU-650 
650-6800 
6OG-550 
550-500 
5 W 5 0  
450-400 
400-350 
350-300 
300-250 
2.50-200 
200-1.50 
150-100 
100-70 
70-50 

- 
~ 

- 
k 

____ 
0.045 
.183 
,220 
,256 
,298 
,359 
,436 
.538 
.664 
.818 

1.003 
1.233 
1.507 
1.807 
2. 043 
2.019 
1.644 
1.091 
.410 
.218 

- 
bk 
at 
- 

0.001 
,003 
.001 
,002 
,003 
,003 
,003 
.OM 
.006 
.007 
.009 
.015 
f019 
,022 
,023 
,022 
,017 
,013 
,008 
,004 

$ Vk.nd 

-0.001 -. 004 -. 008 -. 009 -. 004 
.006 
.020 
.043 
.052 
,058 
.078 
,093 
,123 
,214 
,450 
.582 
.449 
,234 
,064 
,052 

@ 
aP 

0.001 . 001 
-. 000 -. 000 -. 002 -. 004 -. 007 
-. 009 -. 013 -. 013 -. 014 
-. 027 -. 037 -. 041 -. 087 -. 081 -. 002 

.046 
,016 -. 020 

-v-w - I  E 

*Area mean surface pre;sure. 

or 
Dissipation=Generation- (Local changefHorizonta1 

outflow + Vertical transport) 
As we observe immediately from the above mentioned 

tables and figures, the generation-V*V+ is the most dom- 
inant term among the directly computed parameters in 
determining vertical profiles of the kinetic energy balance. 
The second most important term is the horizontal outflow 

l$Vk*nds ,  which has a significantly large value in the 

upper half of the atmosphere, especially around the level 
of the core of the jet stream (also see fig. 11). The vertical 
transport term b z / b p  acts as a modification, especially 
in winter, to another transport term, the horizontal out- 
flow, but as a whole, its numerical value is rather insig- 
nificant. The local change is the least significant value. 
One thing may be pointed out about the insignificance of 
the listed %/bt values. The total available days of data 

A c  

mb 
50 - 
70 

100 

- 
- 

150 - 

200 - 

250 - 

300 - 

WINTER 

850 

900 I,/' ft \- 
S u r f a c e r  I I I 8 I I , \ u  950 

-1.8 - 1 5  -1.0 -0.5 0 0.5 1.0 1.5 2.0 
(wa l l s  /m2 ) / 5 0  mb 

FIGURE 4.-Winter vertical profile of the kinetic energy balance 
(January 1963, and February and December 1962). Arrows 
indicate the direction of w k .  

for each month as listed in table 1 are expected to give 
fairly representative monthly mean values for all energy 
parameters after averaging of the daily values, except for 
dz/bt. If a time average of this term (i.e., time integral 
of b$/bt) is taken, it actually depends only on the data of 
the first and last days of the time series. Thus, if a time 
series without gaps of unavailable days is taken, b$/bt 
should become even smaller than the listed values. The 
residual term which balances the kinetic energy equation 
with other computed terms is taken as the dissipation i? 
to ideally represent the energy sink. 

In the previous paper (Kung [ 5 ] ) ,  and also in the nine- 
level model numerical experiment of the general circula- 
tion of Smagorinsky, Manabe, and Holloway [ 151, it 
was shown that strong generation takes place in the upper 
and lower parts of the atmosphere, while the generation 
in the mid-troposphere is very weak. The vertical 
profiles of -V*v+ obtained in this study essentially 
confirm this pattern and show additional details. Starting 
from the surface, we see a maximum of the generation 
in the planetary boundary layer, which gradually de- 
creases toward a minimum in the mid-troposphere, and 
then increases again toward a second maximum in the 
upper phrt of the atmosphere. In winter, the generation 
in the upper part of the atmosphere extends to a very 
high level. This is apparently related to the upward 
extension and intensification of the strong circulation 
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mb 
50 
70 

100 

150 

200 

250 

300 

P 350 

400 
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FIGURE 5.-Summer vertical profile of the kinetic energy balance 
Arrows indicate the direction (June, July, and August 1962). 

of w k .  

pattern - (see section 6 and fig. 11). The shape of the 
- V T ~  profile in figure 4, the pressure-time cross sections 
of the monthly values in figure 8, and also some unlisted 
computational results above 50 mb. - with less dense station 
data suggest a sharp decrease of - V ~ V &  at levels above its 
second maximum. In summer when the upper-level 
circulation is weaker than in - minter and decreases rapidly 
into the stratosphere, the - V ? V ~  sharply decreases to a 
second minimum of negligible value. Thus, it may be 
stated in general that we expect that the generation 
decreases again upward into the stratosphere after reach- 
ing its second maximum. 

It should be noted that in the numerical experiments 
by Smagorinsky, Manabe, and Holloway [15], - Z Z  is at  
a maximum in the mid-troposphere while - V! v4 shows two 
maxima in the lower and upper parts of the atmosphere 
through - (bw4/bp). - In connection with the ageostrophic 
nature of - V ~ V + ,  it is noteworthy that the zonal wind 
component u is supergeostrophic in the middle latitudes 
and the meridional wind component v is subgeostrophic 
in the Tropics in Smagorinsky’s [ 141 primitive equation 
two-level general circulation model. 

In the boundary layer, we see a maximum of the 
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FIGURE 6.-Annual vertical profile of the kinetic energy balance 
(February 1962 through January 1963). Arrows indicate the 
direction of wk. 

- 
dissipation E and of the generation -V!V+ while other 
energy parameters are negligibly small. This balance is 
maintained throughout the lower troposphere. 

In the mid-troposphere where the generation is very 
small, the generation and the horizontal outflow are of 
the proper order of magnitude to determine the small 
dissipation as the residual, especially in winter. The 
dissipation in this part of the atmosphere reaches a 
minimum in accordance with smallness of other energy 
parameters. Proceeding upward from mid-troposphere, 
the horizontal transport and the vertical transport begin 
to increase in magnitude. 

Both the generation and dissipation reach the second 
maximum in the upper part of the atmosphere. However, 
the horizontal outflow and vertical transport are both 
at  their maxima, leading to important differences in the 
generation and dissipation profiles. The amount of the 
horizontal outflow is particularly significant. It is 
especially large a t  the level of the jet core when the zonal 
circulation is intensified, Le., in winter, while it is rather 
small in summer. We may notice that in the mid- 
troposphere, there are several small negative E values 
that are given as dissipation. This result may be due to 
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There is a general qualitative agreement between the 
vertical profiles of the kinetic energy balance presented 
in this study and those obtained in the general circulation 
numerical experiment by Smagorinsky, Manabe, and 
Holloway [15]. 

In this study, to obtain the vertical transport term, 
the vertical p-velocity W was computed by integrating 
equation (9) vertically upward with the assumption of 
i;=O a t  the surface level. When computing the W in 
this way, we should recognize that the error in estimating 
the horizontal wind divergence may accumulate in the 
upper levels in the process of vertical integration (see 
Kurihara [7]). Vertical profiles of monthly mean Z 
are presented in figure 7 for 2-month intervals. In 
figures 4, 5, and 6, the direction of kinetic energy flux 
ok is also indicated by the arrow sign. Though we 
should be aware of the possibility of accumulated errors 
in the Z values in the upper part of the atmosphere, we 
may expect that their effect in this study should be 
insignificant for two reasons. First, dW&p, rather than, 
Z& is used in the study of the energy balance, and prob- 
ably the error accumulated in dZF/dp may not be as 
large as in Second, the vertical transport term 
d x / d p  is itself a rather small term in the balance of 
kinetic energy (see Jensen [3], Holopainen [2], and Sma- 
gorinsky, Manabe, and Holloway [15]). 

- 

-0 2 -0 I 0 01 0 2  0 3  
10-3mb/ LIC 

FIQURE 7.-Monthly vertical profiles of the area mean vertical 
p-velocity. 

some energy-generating eddies which are not detected 
in the present observational network. If this is the case, 
though not verified, we should have even more dissipation 
in the free atmosphere than is shown by this study. 

To inspect the vertical profiles of the kinetic energy 
balance, we have to observe the winter (fig. 4) and summer 
(fig. 5) profiles, along with those of the annual means 
(fig. 6). Because of the intensified circulation pattern, 
all energy parameters are large in magnitude during the 
wint,er; also, as a result of the upward extension of the 
maximum wind level, the uppermost part of the balance 
profile is missing. Because of the large magnitude of the 
winter energy parameters in the upper part of the atmos- 
phere, the annual balance profile is strongly influenced by 
the winter type for this part of the atmosphere, especially 
since the employed time series of the aerological data in- 
cludes January 1963, when an extremely strong circulation 
pattern persisted over the North American Continent 
(see figs. 8 through 11, and also see Kung [5]). Moreover, 
the magnitude of the horizontal outflow should decrease 
as the domain of the analysis is expanded beyond North 
America, and will vanish if the entire global area is covered. 

4. BUDGET OF TOTAL KINETIC ENERGY 

The vertically integrated mean kinetic energy budgets 
are presented in table 7 for the four seasons and for the 
year. Since a discussion of the total kinetic energy 
budget was given in the previous paper (see Kung [5]), 
though with a smaller data sample, a general discussion 
of this matter is not included here. 

Regarding the difference between the generation and 
horizontal outflow as the annual mean “net generation’? 
of the kinetic energy for the domain of analysis, 7.02 
watts/m2. out of the total generation 9.51 watts/m2. 
approximately balances the annual mean total dissi- 
pation of 7.12 watts/m.2 A similar balance is also ob- 
served throughout four seasons. The annual mean net 
generation and total dissipation obtained in this study 
are of the same order of magnitude of, but significantly 
larger than, the kinetic energy conversion rate 0.91-3.37 
watts/m2. as compiled by Oort [91 from various sources of 
observational studies (also see Krueger, Winston, and 
Haines [4], Saltzman [l l] ,  Saltzman and Fleisher [12, 131, 
Teweles [16], and Wiin-Nielsen, Brown, and Drake [17]). 
The annual mean total dissipation 7.12 watts/m2. is also 
considerably larger than the currently accepted annual 
net generation of available potential energy (for example, 
2.3 watts/m2. as summarized by Oort [9]), which ideally 
should be equal to the long-term average of the kinetic 
energy dissipation. 

Three reasons may be considered for this obvious 
discrepancy. First, confinement of the study within the 
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6.682 6.817 Boundary 8.010 

7.531 7.067 6.863 Layer I -..-.. 
Layer I1 __.__ 
Layer 111 .--. 
Layer IV ...-. 

TABLE 7 .-Vertically integrated seasonal and annual mean kinetic 
energv budget. k i s  in units of io5 joules/m2. Other quantities 

% % 
*969-700 1.361 8 4.002 42 4.013 56 0.39 
700-450 3.459 21 0.642 7 0.418 6 9.58 
450-200 8.609 51 2.679 28 1.389 20 7.17 
2OC-50 3.363 20 2.185 23 1.304 18 2.9s 

_ _  
are in wattslmz. 

I-l- 

Annual 
mean-..-l 16.792 I ,185 

I 

I- 
2.492 I -.293 

--I- l- 
7.016 7 124 I '  9.508 I 

TABLE 8.-Intensity of the annual mean energy process in digerent 
portions of the atmosphere. Energy level is in uni t s  of lO5joules/ma.; 
generation and dissipation in watts/m2.; depletion t ime in days. 
The  percentage shows the distribution of the total in each layer of 
the atmosphere 

klE 
I- I- I I 

North American Continent may add some regional 
characteristics to the results obtained. Second, the 
technique of computational analysis may tend to over- 
estimate. Third, but not the least important, the ma- 
jority of the currently available observational studies of 
the energy conversions are largely dependent on the 
vertical motion calculated with the adiabatic, quasi- 
geostrophic models from the operationally modified and 
smoothed geopotential field. The possible underestimate 
of the energy conversion by this method was discussed by 

1 P a l m h  [lo], and Dutton and Johnson [l]. It would be 
extremely difficult to state which of the above three 
reasons accounts mainly for the discrepancy a t  this stage 
of study. Nevertheless, it  presents a very interesting 
point for investigation in the future. 

Dutton and Johnson [l] urge that any calculation of 
generation of available potential energy which utilizes 
the approximate formula will be an underestimate. With 
their exact theory, they give 5.6 watts/m2. as the diabatic 
generation of zonal available potential energy and 0.8 
wattslm'. as the eddy generation, the sum of wbich should 
be equal to  the long-term mean of the kinetic energy 
dissipation. 

The annual means of total net generation 7.02 watts/m2. 
and total dissipation 7.12 watts/mz. are somewhat higher 
than the 6.61 watts/m2. and 6.38 watts/m2. presented in 
the previous paper (see Kung [5]). This is mainly 
attributed to inclusion, in the annual average, of the data 
during the latter two-thirds of January 1963, when the 
extremely strong circulation pattern prevailed over the 
North American Continent. The same argument also 
applies when the total kinetic energy level, horizontal 
outflow, and generation in this and previous papers are 
compared. 

The total generation in winter 15.41 watts/m2. is sig- 
nificantly higher than the 7.08 watts/m2. in summer. 
However, horizontal outflow accounts for about half of 
the generated kinetic energy, leaving 7.82 watts/m2. as 
the 'het  generation" in contrast to summer net generation 
of 6.49 watts/m2. Regional characteristics should be 
studied in further detail in this respect. 

Ideally, the vertically integrated vertical transport term 
d x / d p  should vanish when integrated from the surface to 

233-970 - 6 6 2  

. 

Total .... 1969-501 16.792 100 I 9.508 100 I 7.124 100 I 2.73 
*Area mean surface pressure, 

the top of the atmosphere. After integration from the 
surface to the 50-mb. level, vanishes for the sum- 
mer mean, and becomes negligibly small for both spring 
and fall. For winter, when some significant generation 
takes place above the 50-mb. level, the total vertical 
transport amounts to - 1.22 watts/m2. This represents 
the kinetic energy supplied to the atmosphere below the 
50-mb. level from the higher layers (see also the direction 
of energy flux ok in fig. 4). However, the breakdown of 
the winter total h x J d p  is -0.60, 0.01, and -3.06 watts/ 
m2. respectively for February and December 1962, and 
January 1963. The generation above the 50-mb. level is 
unusually strong during the month of January 1963 (see 
section 6 and fig. 8), and it is not inconsistent that this 
month had the largest convergence of wk below the 50-mb. 
level. 

Incidentally, the vanishing of the vertically integrated 
vertical transport term may also justify the substitution of 
w k  for 2 (see section 2). 
- 

5. INTENSITY OF ENERGY PROCESS 
IN DIFFERENT PORTIONS OF THE ATMOSPHERE 
Table 8 shows the kinetic energy level, generation, and 

dissipation in different layers of the atmosphere in actual 
physical units, and in percentage of the vertical total, as 
summarized from tables 2 through 6. The top of the 
planetary boundary layer is tentatively assumed to be a t  
875 mb. The atmosphere from the surface to the 50-mb. 
level is divided into four layers; Layer I from the surface 
to 700 mb., layer I1 from 700 mb. to 450 mb., layer I11 
from 450 mb. to 200 mb., and layer IV from 200 mb. to 
50 mb. While the amount of kinetic energy contained in 
the boundary layer and in layers I through IV is respec- 
tively 2, 8, 21, 51, and 20 percent of the total on the 
annual basis, the percentage distribution of the to tal gen- 
eration in these layers is 23, 42, 7, 28, and 23 percent, 
respectively, and the percentage distribution of the total 
dissipation is 31, 56, 6, 20, and 18 percent. In  view of 
the kinetic energy level in these layers, the energy process 
is most intense in the lower troposphere, especially in the 
boundary layer, and least intense in the mid-troposphere 
where the quasi-geostrophic assump tion is usually valid. 
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In  the upper part of the atmosphere; i.e., in layers I11 and 
IV, significant portions of the generation and dissipation 
take place, but about :$ of the total kinetic energy is 
contained in this portion of the atmosphere. 

An estimate of the efficiency of the dissipation process 
in relation to the energy level is the depletion time, which 
is defined here as x/El i.e., the time needed to deplete the 
kinetic energy with a constant dissipation rate when there 
is no supply of kinetic energy. As shown in table 8, the 
depletion time is 0.18, 0.39, 9.58, 7.17, and 2.98 days for 
the boundary layer and layers I, 11,111, and IV separately, 
and 2.73 days for the total kinetic energy. This means 
that the dissipation process operates much more quickly 
to  deplete the kinetic energy in the lower troposphere, 
particularly in the boundary layer, than in other portions 
of the atmosphere. The dissipation is least efficient where 
the depletion time is very long, i.e., in the mid-troposphere. 

The boundary layer dissipation, 2.21 watts/m2., com- 
pares with the previously. estimated 1.86 watts/m2. (see 
Kung [5]) from Lettau's [8] boundary layer model. It 
should be noted, however, that the boundary layer dissi- 
pation in this study is estimated as a residual from the 
kinetic energy equation with a tentative top of the bound- 
ary layer a t  the 875-mb. level. With 31 percent of the 
total dissipation in the boundary layer, the free atmos- 
phere dissipation amounts to 69 percent, or 4.91 watts/m2. 
of the total dissipation of 7.12 watts/m2. 

We observe, in table 8 and tables 2 through 6, that the 
generation and dissipation values are very close in the 
boundary layer on the annual and seasonal basis. This is 
not only a feature of the long-time mean, but is also ob- 
served throughout the computation on a daily basis. 
Since the horizontal outflow and vertical transport are 
both essentially negligible in the kinetic energy budget of 
this layer for the large-scale domain of analysis, we may 
recognize an approximate balance of the boundary layer 
generation and dissipation of kinetic energy in the large- 
scale atmospheric circulation. This was expected from 
the previous study (see Kung [5]) using the independently 
computed generation and dissipation. 

The argument concerning the balance of the boundary 
layer generation and dissipation would not be changed by 
choosing the top of the boundary layer at  875 mb., since 
it is a prevalent feature throughout the lower troposphere. 

6. SEASONAL CHANGE 
Besides the seasonal variations of energy parameters 

and their balance as presented and discussed elsewhere in 
this paper, it is interesting to study the seasonal march of 
the atmospheric energetics. With a time series covering 
a one-year period, merely a first order conjecture is pos- 
sible. Nevertheless, it will be interesting to depict the 
progress of the seasons during this one-year period in 
terms of time cross sections. 

The monthly means of kinetic energy generation, hori- 
zontal outflow, and dissipation are plotted separately in 
figures 8, 9, and 10, as pressure-time cross sections. Fig- 

ure 11 shows the pressure-time cross section of the mean 
zonal wind component to express the strength of the cir- 
culation pattern during the corresponding period. In  , 
figure 8, two major types of generation may be observed, 
namely minter and summer. The generation in summer 
is generally weaker than in winter; the level of maximum 
generation in the upper troposphere rapidly diminishes 
into the stratosphere in summer; the monthly fluctuation 
also seems to be small during the summer months. 
erally strong generation, significant upward extension of 
large generation in the upper portion of the atmosphere, 
and rather large monthly fluctuations characterize the 
winter part of the cross section. The upward extension 
of the large generation in winter is apparently related to 
that of the jet stream level. This is especially evident for 
January 1963 when the circulation pattern was extremely 
strong. Transition between winter and summer types of 
generation is marked by rather abrupt changes of the 
generation profile in late spring and late fall, namely in 
May 1962 and November 1962. In those months of 
abrupt change, the generation in the upper part of the 
atmosphere suddenly drops to a minimum; the negative 
generation appears significantly in the stratosphere in 
May 1962, and the negative generation occupies the mid 
and upper troposphere in November 1962. This abrupt 
nature of the seasonal change will be an interesting feature 
to investigate if it is confirmed by a larger data sample 
of more than one year. 

The pressure-time cross section of figure 9 shows that 
horizontal outflow of kinetic energy from the continental 
area roughly resembles the zonal circulation pattern of 
figure 11 in winter when the zonal wind is very strong. 
The pressure-time cross section of the dissipation in fig- 
ure 10 roughly follows the balance of generation and 
horizontal outflow in figures 8 and 9. 

7. EFFECT OF DIURNAL VARIATION 
ON ESTIMATING ENERGY PARAMETERS 

We may expect considerable diurnal variation of the 
large-scale pattern of wind velocity, and it is of interest to  
examine the possible effect, of data from different times of 
the day on the estimated energy parameters. While a 
detailed computation and discussion of this matter are 
planned for the next phase of this study, 12 GMT aerological 
data over North America during August and December 
1962 were utilized as an example from the same MIT 
General Circulation Data Library (see section 2 )  to  
compute the same energy parameters presented in this 
study. Examination of the computation with 12 GMT 

data shows that there is a systematic diurnal variation 
between the results from 00 and 12 GMT data on the daily 
basis, which will be an interesting point of investigation. 
However, the discussion made concerning the balance of 
the kinetic energy with the 00 GMT data holds for the results 
with the 12 GMT data as well. Table 9 shows the com- 
parison of the vertically integrated energy parameters 
with the 00 and 12 GMT data for August and December 
1962. 

Gen- ' 
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FIGURE 8.-Pressure-time cross section of monthly kinetic energy generation- V . v +  in units of (watts/m.2)/50 mb. from February 1962 
through January 1963. Destruction of kinetic energy is stippled. 
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FIGURE g.-Pressure-time cross section of monthly horizontal outflow of kinetic energy - Vk.nds in units of (watt~/m.~)/50 mb. from 21 
February 1962 through January 1963. Inflow is stippled. 
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FIGURE 10.-Pressure-time cross section of monthly kinetic energy dissipation E in units of (watts/m.a)/50 mb. from February 1962 thro 
January 1963. Dissipation of less than 0.2 (watt~/m.~)/50 mb. is stippled. 
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FIGURE 11.-Pressure-time cross section of continental mean of the zonal wind component ii in units of m./sec. from February 1962 through 
January 1963. 
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August 1962. 

.December 
1962 .....__ 

TABLE O.--Comparison of vertically integrated energy parameters 
All values are in units with 00 and 12 GMT data for two months. 

of wattslmz. 

0000 -0.041 0.979 -0.007 7.316 6.337 6.385 
-.365 ,086 4.588 4.953 4.929 1200 -.062 

0000 .801 4.368 .013 12.099 7.731 6.917 
1200 -.898 2.822 ,062 9.211 6.389 7.225 

~ _ _ _ _ _ _ _ -  --_- 

8. SUMMARY 
As a further step in a systematic study of the problem 

of kinetic energy dissipation, attention is focused on the 
vertical structure and seasonal variation of the kinetic 
energy balance of the atmosphere. From 11 months' 
daily wind and geopotential data during 1962 and 1963 
over North America, the generation-V-v+, local change 

d&M, horizontal outflow 1/A Vk-nds, and vertical trans- 

port d z / d p  are evaluated for 20 pressure layers from the 
surface to the 50-mb. level. The dissipation is then 
obtained as the residual required to balance the kinetic 
energy equation. 

The direct evaluation of the generation-V.v$ is es- 
sential for studying not only the vertical structure of the 
kinetic energy balance but also the problem of energy 
conversion itself. The generation is the most dominant 
term among the directly computed parameters of the 
energy process; the horizontal outflow is the next most 
important ; the vertical transport is rather insignificant 
except in winter; and the local change is the least 
significant. 

Observing the vertical profiles of the kinetic energy 
balance, we find a maximum of generation in the planetary 
boundary layer; it gradually decreases toward a minimum 
in the mid-troposphere, increases again toward the second 
maximum in the upper part of the atmosphere, and then 
decreases again into the stratosphere. The vertical 
profile of the dissipation generally follows that of the 
generation. In the lower troposphere, particularly in 
the boundary layer, the generation and dissipation values 
are nearly equal, while other parameters are negligibly 
small. In the mid-troposphere, all parameters of the 
energy process have small numerical values. In the 
upper part of the atmosphere, the dissipation is also at  a 
maximum in accordance with the generation, but the 
horizontal outflow and vertical transport contribute 
significantly to the kinetic energy balance. 

The annual means of the vertically integrated total 
generation, net generation &e., the difference of total 
generation and horizontal outflow) , and dissipation arc3 
9.51, 7.02, and 7.12 watts/m2., respectively. These 
values are significantly higher than the currently accepted 
conversion rate from available potential energy. Regional 

$ 

confinement of the study to a continental area or some 
systematic overestimate in this study may be considered 
responsible for this discrepancy. However, we cannot 
exclude the possibility that the currently accepted values, 
obtaineu by calculating the vertical motion from the 
adiabatic, quasi-geostrophic model using operationally 
modified and smoothed geopotential data, are too low. 

By tentatively taking the 875-mb. level as the top of 
the planetary boundary layer, 2.21 watts/m2. or 31 percent 
of the total dissipation of 7.12 watts/m2. is regarded as 
the boundary layer dissipation, and 4.9 1 watts/m2. or 
69 percent of the total dissipation may in turn be regarded 
as the free atmosphere dissipation. For the large-scale 
domain of analysis we may recognize an approximate 
balance between the kinetic energy generation and dis- 
sipation in the boundary layer. This is also a prevalent 
feature throughout the lower troposphere. 

In view of the amount of kinetic energy contained in 
different portions of the atmosphere, the energy processes 
of kinetic energy generation and dissipation are most 
intense in the lower troposphere, particularly in the 
boundary layer, and least intense in the mid-troposphere. 
Significant portions of the generation and dissipation 
take place in the upper part of the atmosphere, but about 
78 of the total kinetic energy is involved there. 

In terms of depletion time, the dissipation process 
operates most efficiently in the lower troposphere in 
general and in the boundary layer in particular, and it 
operates most inefficiently in the mid-troposphere. The 
depletion times for the boundary layer, lower troposphere, 
and the mid-troposphere are 0.18, 0.39, and 9.58 days 
respectively; it is 7.17 days for the layer between 450 
mb. and 200 mb., and 2.98 days for the layer between 
200 mb. and 50 mb. 

In plots of the pressure-time cross sections of monthly 
energy parameters, a seasonal change of the atmospheric 
energetics is depicted for the one-year period. Winter 
type and summer type patterns are recognized, while a 
rather abrupt transition between these two types takes 
place in late spring and late fall. 

9. REMARK 

A comment should be made about the quality of data 
used in this study. As exemplified in table 1, the coverage 
of aerological data has become fairly good in recent years 
over North America and some other parts of the Northern 
Hemisphere even to a relatively high altitude. The net- 
work is fairly dense even after missing data are eliminated, 
and the suspicious records are rare. Besides the observa- 
tional improvements, the data quslity owes very much 
to the efforts in data editing and compiling of the MIT 
General Circulation Data Library under the direction of 
Professor V. P. Starr. 

The results obtained in this study point to an extension 
of the study along the following lines: 

(1) Extension of the domain of analysis beyond North 
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America to include other parts of the Northern Hemi- 
sphere. 

(2) Use of a larger data sample over an extended period. 
(3) Study of the dissipation by various mechanisms 

and its incorporation into the numerical models of the 
large-scale atmospheric circulation. 
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